Much of the cost of commercial micromachined pressure sensors lies in the package that houses the device itself. If a robust material is used for the substrate of the sensors as well as the packaging material, i.e., fabricating the sensor on the package itself, cost savings for the overall system may accrue. In this work, stainless steel has been studied as a potential robust substrate and a diaphragm material for micromachined devices. Lamination process techniques combined with traditional micromachining processes have been investigated as suitable fabrication technologies. To illustrate these principles, capacitive pressure sensors based on a stainless steel diaphragm have been designed, fabricated and characterized. Each sensor uses a stainless steel substrate, a laminated stainless steel film as a suspended movable plate and a fixed, surface micromachined back electrode of electroplated nickel. The sensitivity of the device fabricated using these technologies is 9.03 ppm kPa −1 with a net capacitance change of 0.14 pF over a range 0-178 kPa. Two types of read-out circuitry have been introduced to microfabricated sensors for removing parasitic effects. Finally, a die-type ASIC chip was integrated and measured with this capacitive pressure. The measured value of relative voltage change was 2.85% over the applied pressure range 0-75 kPa. The sensitivity of the sensor was 0.92 mV kPa −1 with a gap of 21 µm.
Introduction
Since the root of micromachining technology is in integrated circuit processing, micromachined devices have been primarily realized using silicon substrates [1] [2] [3] [4] . In many applications, these silicon-based devices are then protected mechanically against harsh environments by the use of a robust packaging material [5, 6] . However, this approach often leads to systems in which the cost of the package equals or exceeds the cost of the micromachined device itself. If this robust packaging material is directly used not only as the packaging or housing, but also as the substrate of the micromachined devices, many of the steps of the packaging process might be reduced, potentially leading to cost savings. 1 Present address: Optical components & MEMS Lab, Central R&D Institute, Samsung Electro-Mechanics Co., Ltd, 314, Maetan3-Dong, PaldalGu, Suwon, Gyunggi-Do, 442-743, Korea.
Another potential advantage is that due to substrate robustness, these co-packaged devices may be used in mechanically harsh environments, such as aerospace and oceanography applications.
On the market of MEMS pressure sensors, there are two main types of pressure sensors; one type utilizes capacitive effects in sensing pressure, and the other type uses piezoresisitive effects for the same purpose [7] . Much work has been done in both areas, but there is a greater focus on capacitive pressure sensors due to certain advantages that this approach provides. Some of the advantages that it offers over the piezoresistive pressure sensor are higher measurement sensitivity, decreased temperature sensitivity, reduced power consumption and better stability [8] . These advantages portend greater potential for commercial applications. However, successful commercial exploitation of these highly miniaturized capacitive sensors is often inhibited by the presence of parasitic effects such as environmental noise and parasitic capacitances. Therefore, to alleviate the problems encountered in the capacitive pressure sensor approach, it is important to integrate the sensors and the circuitry as directly as possible. For example, the capacitive pressure sensors and the read-out chip are directly integrated on the same substrate by connecting the chip to the sensors using lithographically defined traces as in figure 1 . This integration allows for buffering and reduction of the parasitic effects as well as the possibility of multiplexing or conversion of capacitances to frequency or voltage.
In this work, we have investigated the use of stainless steel as a robust substrate as well as diaphragm material for suitable starting points of both bulk and surface micromachined structures. Alternative fabrication techniques, such as those commonly used in conventional machining and electronic packaging fabrication, are combined with traditional integrated-circuit-based microelectronics processing techniques to create micromachined devices on these robust substrates. An important attribute of this design is that only the stainless steel substrate and the pressure sensitive diaphragm are exposed to the environment, i.e., the sensor is self-packaged. We have also studied ways of direct integration of read-out circuitry with microfabricated sensors.
Fabrication process
The fabrication sequence of stainless steel diaphragm pressure sensors is shown in figure 2 . The process starts on square, stainless steel substrates that are each 6.0 cm on one side, 0.8 mm thick and have a surface roughness of approximately 6-8 µm. A 6 × 6 array of pressure inlet holes with a diameter of 2 mm, with 7 mm center-to-center distances, is milled through the stainless steel substrates. A full hard, cold rolled stainless steel sheet type 302 (Precision Brand Product, INC) is laminated onto the milled stainless steel substrate using a hot press with a pressure of 8.65 MPa and a temperature of 175
• C for 30 min. The laminate adhesive is an epoxy-based resin designed for printed wiring board fabrication (EIS epoxy laminate prepreg no 106).
The stainless steel sheet is used as the pressure sensitive diaphragm and has a thickness of 12.7 µm and surface roughness of approximately 100Å. Reactive ion etching (RIE) is then used to remove any exposed epoxy resin under the stainless steel diaphragm that has leaked through the pressure inlet holes (figure 2(a)).
A 250Å thick titanium layer is deposited as an adhesion layer, and a 7 µm thick epoxy resist SU-8-2 (MicroChem Corp.) is deposited as an insulation layer. To create bottom electrodes, electroplating seed layers and bonding pads, Ti/Cu/Ti layers are deposited with a thickness of 250/6000/250Å and patterned. An AZ4620 photoresist (Clariant Corp.) is spun onto the patterned layer, yielding a final thickness of photoresist of approximately 25-27 µm (figure 2(b)).
The photoresist is patterned to create electroplating molds and nickel supports are electroplated through the molds.
To fabricate the backplate, a seed layer of Ti/Cu/Ti is deposited. A thick photoresist (AZ4620) is spun on the seed layer (approximately ∼25 µm thick) and patterned to form electroplating molds. These molds are then filled with nickel by electroplating (figure 2(c)). Finally, the photoresist sacrificial layers and the seed layers between them are etched to release the gap between the fixed backplate and the pressure sensitive stainless steel diaphragm (figure 2(d )). Figure 3 shows a photomicrograph of the fabricated stainless steel sensor array.
Theoretical model
The principle of operation is based on the pressure-induced deflection of a diaphragm and the subsequent measurement of the capacitance between this deflecting diaphragm and a fixed backplate surface micromachined over the deflecting diaphragm. Figure 4 shows a schematic cross-section of the device, where t g is the initial (undeflected) gap distance between the fixed back electrode and the diaphragm electrode, w 0 is the deflection at the center of the diaphragm, t m is the thickness of the diaphragm and P is the uniform applied pressure.
For mechanical modeling, several assumptions have been made: (a) the diaphragm has isotropic mechanical properties; (b) the thickness of the metallic electrode on the plate has been neglected, since this thickness is small compared with the plate thickness; (c) electric field fringing effects have been neglected, since the gap between the flexible diaphragm and the fixed backplate is small compared to their lateral extents; (d) residual stress in the diaphragm can be neglected. Under these conditions, the deflection of a circular diaphragm with fully clamped perimeter as a function of radius, w(r), is given by [9, 10] w(r) = w 0 1 − r a 2 2 (1)
where a is the radius of the plate and w 0 is the center deflection of the plate. As the electric field fringing effect is neglected under the assumption (c), the electric field lines are perpendicular to the surface of the backplate and the capacitance can be expressed as a function of the shape function w(r) of the membrane by
We replace w(r) in equation (2) using equation (1) and replace w 0 by the dimensionless parameter
Then we replace the integration variable r by the dimensionless variable
This yields
Finally, we solve the integral and use the capacitance when the membrane is undeflected
which yields
where the second part of equation (7) was obtained from the fifth-order Taylor series expansion of tanh −1 ( y).
Raw capacitance characterization results
In order to characterize the capacitance of individual pressure sensors, measurements were carried out with a Keithley 3322 LCZ meter. The sensor device to be tested was mounted and sealed on a test fixture. The fixture was connected to a commercial pressure sensor (Fluke Corp. PV 350 Digital Pressure/Vacuum Module) and a digital multimeter to monitor the differential pressure. A compressed nitrogen line was connected to the fixture to serve as the pressure source with a regulator between them to control the differential pressure that would be applied to the fabricated devices. The LCZ meter was then connected to the fabricated sensors to obtain the characterization data for the capacitive pressure sensor. After collection of the capacitance data, to measure the membrane deflections directly, the electroplated NiFe over the membrane was removed and the exposed membrane was then placed on a microscope stage. Pressure was then applied to the membranes through the fixtures and the resultant deflection of the membrane was observed and measured with the microscope, by measuring with a z-axis micrometer. It is necessary to constantly adjust the microscope head to keep the deflected diaphragm in focus. The test setup is shown in figure 5 . By adjusting the input pressure and the focus position, the center deflection of the diaphragm could be measured to a resolution of ±0.4 µm.
Capacitance versus pressure data of the stainless steel diaphragm based capacitive pressure sensor is shown in figure 6. For a range of applied pressure from 0 to 178 kPa, the net capacitance change was 0.14 pF. The sensitivities of the sensors were approximately 9.03 ppm kPa −1 . The electromechanical model did not predict the behavior of the sensor well. In order to determine whether the electrical or the mechanical behavior was deviating from the theoretical predictions, the center deflection of the diaphragm as a function of pressure was measured directly. These measurements were performed by removing the sensor backplates upon completion of the capacitance measurements, repeating the pressurization, and observing in a microscope the extent of lateral deflection due to the applied pressure. The deflection data for the stainless steel diaphragm are shown in figure 7 , where up1 refers to data from a sample diaphragm under increasing pressure and down1 refers to data from the same diaphragm under decreasing pressure. Up2 and down2 refer to similar data from a second diaphragm.
As can be seen from figure 7, the mechanical model predictions overestimate the measured diaphragm deflections significantly. It is unlikely that the discrepancy is attributable to simple mechanical yielding as identical deflection results were obtained during a pressurization and depressurization cycle. The other assumptions in the model were zero residual stress and isotropic material properties. Finite element calculations predict the presence of significant amounts of residual stress in the film due to cooling from the lamination temperature. The maximum stress in the diaphragm is around 446 MPa including estimated residual stress with 328 MPa in the pressure range 0-180 kPa. The laminated stainless steel diaphragm is still endurable because its yield and ultimate stress are 965 MPa and 1.28 GPa, respectively. In addition, the metallic diaphragms may have anisotropic characteristics due to the rolling and drawing processes used in their manufacture, as well as strains induced during the lamination process.
To verify that the electrical portion of the modeling was correct the measured deflections shown in figure 7 were combined with equations (3) and (7) to yield a prediction of the capacitance of the sensor as a function of pressure. Figure 8 indicates the capacitance versus deflection for the stainless steel diaphragm. The deflection was measured for all cases and the capacitance indicates measured and theoretical values.
As can be seen, the two sets of plots correspond well with each other. This indicates that given the correct deflection data, the calculated capacitance will match up with the measured capacitance.
Capacitance read-out circuitry
Two different stages were undertaken in the development of the read-out circuitry for the capacitance pressure microsensors. The first stage involved the creation of a simple capacitanceto-frequency conversion circuit to directly read the capacitance changes due to applied pressure. The second stage involved the use of a commercially available MS3110 universal capacitive read-out IC in its un-packaged, die-form from Microsensors, Inc. This chip in its die-form was then integrated via wirebonding to the microfabricated sensors.
Basic capacitance-to-frequency conversion circuitry
Initially, an op-amp-based astable multivibrator circuit was created in-house to serve as the read-out circuitry for capacitive pressure sensors. This was then integrated with the pressure sensors in a hybrid fashion to create a frequency-modulated voltage output. an astable multivibrator circuit, which consists of an LF351 operational amplifier, and three external resistors [11] . The capacitance of the pressure sensor is equivalent to the frequency-determining capacitance that modulates the frequency of the voltage output of the amplifier. The output frequency of the op-amp is given by f = 1 2RC sensor ln 3 (8) where RC sensor is the time constant of the circuitry. In this work, external resistors R and R 1 have been selected as 1 M for all three types of pressure sensors. For this type of sensor, the base frequency was found to be 4081.8 Hz for the output of the op-amp. Figure 10 shows the frequency output of the op-amp circuit as a function of applied pressure from 0 to 180 kPa. The measured value of relative frequency change is 0.2% over the applied pressure range 0-180 kPa. This sensor contained a gap of 27 µm and a sensitivity of 44.8 mHz kPa −1 .
Capacitance-to-voltage conversion circuitry using the MS3110 IC
The values of capacitance and/or corresponding frequency change produced by the sensors are easily measurable in their current form; however, in order to achieve higher sensitivity, elimination of parasitic capacitance is essential. Primary sources of parasitic capacitance include capacitance between bonding pads and substrates, and capacitance between interconnection lines and substrates. Parasitic capacitance from those primary sources can be eliminated by using integrated on-chip circuitry that has a reference electrode, which has the same length of interconnection line and same structure as that of a pressure sensor with a pressure insensitive (immovable) circular plate.
In order to facilitate the use of this improved on-chip circuitry, a commercially available MS3110 universal capacitive read-out IC was used as the read-out circuit [12] . The MS3110 senses the difference between two capacitors and outputs a voltage proportional to the difference. The output voltage can be described by a function of the sensing capacitances CS1 T and CS2 T , as shown by the following expression:
where V 2P 25 is reference input voltage, which is DC 2.25 V, CS2 T is the input from the microsensor being tested and CS1 T is the reference value as input from the reference microsensor. Stage 2 of the read-out circuitry involved the use of a die-type MS3110 IC chip that was manually integrated with a microfabricated capacitive pressure sensor. The chip was first mounted on a glass substrate patterned with gold traces for its 15 pads to be used in wirebonding to the pressure sensors built on the stainless steel robust substrate. This was done separately because the substrate field around the sensor was coated with a thin film of SU-8 2 epoxy for insulation (∼6 µm).
This proved to be problematic during the wirebonding process because the ultrasonic technique used in the bonding process served to disturb and destroy adhesion of the epoxy layer on which the bonding pads for the chip were fabricated. By using a separate glass substrate for the IC, the integrity of the insulating epoxy layer was preserved during the wirebonding process. This can be easily connected in future process iterations. Figure 11 shows the voltage output of the MS3110 for the stainless steel diaphragm sensor as a function of applied pressure from 0 to 75 kPa. The measured value of relative voltage change is 2.85% over the applied pressure range 0-75 kPa. This sensor contained a gap of 21 µm and a sensitivity of 0.92 mV kPa −1 . Figure 12 shows the experimental test setup used in evaluating the sensors using the MS3110.
Conclusions
Stainless steel has been studied as a robust substrate and diaphragm material for micromachined devices. Lamination combined with traditional micromachining processes has been investigated as suitable fabrication methods for this robust substrate.
A capacitive pressure sensor has been designed, fabricated, and characterized by using lamination processing with stainless steel films as a diaphragm on the stainless steel shim stock substrate. This sensor has a sensitivity of 9.03 ppm kPa −1 with a net capacitance change of 0.14 pF over a range 0-178 kPa.
To avoid the parasitic capacitance, two types of read-out circuitry were introduced to microfabricated sensors. Three different stages were undertaken in the development of the read-out circuitry for the capacitance pressure microsensors.
In the first stage, a simple capacitance-to-frequency conversion circuit was created to read the capacitance changes due to applied pressure. The capacitive pressure sensor utilizing a stainless steel diaphragm gave a sensitivity of 44.8 mHz kPa −1 over the applied pressure range 0-180 kPa. In the second stage, the MS3110 IC in its un-packaged, die-type was integrated via wirebonding to the microfabricated sensors. The measured value of relative voltage change was 2.85% over the applied pressure range 0-75 kPa. This sensor contained a gap of 21 µm and had a sensitivity of 0.92 mV kPa −1 .
